Where a virtual representation of the Earth must contain data values observed within the physical Earth system, data models are required that allow the integration of data across the silos of various Earth and environmental sciences domains. Creating a mapping between the well-defined terminologies of these silos is a stubborn problem. This paper presents a generalised ontology for use within Web 3.0 services, which builds on European Commission spatial data infrastructure models. The presented ontology acknowledges that there are many complexities to the description of environmental properties which can be observed within the physical Earth system. The ontology is shown to be flexible and robust enough to describe concepts drawn from a range of Earth science disciplines, including ecology, geochemistry, hydrology and oceanography. This paper also demonstrates the alignment and compatibility of the ontology with existing systems and shows applications in which the ontology may be deployed.
Introduction
Within the realm of Digital Earth research, Craglia et al. (2012) outlined challenges for the next generation of Digital Earth systems on, amongst others, a scientific basis and on the basis of a web of sensors. Where sensors proliferate, deployed for scientific research applications, producing a coherent and comprehensive virtual representation of the Earth system relies on methods and models to link across the data silos of the various environmental and Earth Science domains. At the same time, these cross-cutting models must retain sufficient representation of the concepts that are meaningful to the data originator, be that professional research scientist, autonomous machine or 'citizen scientist'. In many cases, those domains have well-developed local terminology and concepts specific to their domainbut mapping from one domain to another remains a stubborn problem (Diviacco et al. 2014) . Attempts to directly map between two sets of complex concepts often involve significant effort and create a large maintenance overhead. There are also the risks associated with an individual projecting their own understanding, or meaning, on to a set of relationships created between such complex concepts (Diviacco and Busato 2015) . The effort/cost escalates geometrically when three or more domains are added to the mapping, and therefore a framework to guide such efforts should be sought.
In their analysis, Craglia et al. note that spatial data infrastructure promotes the knowledge base of spatially referenced scientific data and policy-making on regional levels. To achieve this, frameworks such as the INSPIRE Directive (EC 2007) make it possible to encode and transmit data using agreed concepts and vocabularies. However, the INSPIRE data specifications do not provide a strong governance over the content of domain-specific vocabularies. For example, the Land Cover Data Specification (INSPIRE 2013a) states:
The data specification does not prescribe or recommend any particular land cover nomenclature for use in INSPIRE. There is a multitude of different ways to describe land cover. This is partly due to the wide range of aspects of the environment embraced by land cover, but also due to the many different uses of land cover data. There is only one 'real world' but many different descriptions of this world depending on the aims, methodology and terminology of the observer.
Indeed, at the time of writing the INSPIRE Registry (http://inspire.ec.europa.eu/registry/) contains only terms useful for very high-level discovery of data and not for the full description of data from, say, a real-time stream from an instrument deployed in a coastal ocean. As an alternative to direct mapping, the approach considered within this paper is based upon breaking down the complex concepts into 'atomic concepts' and identifying where the same atomic concepts are present in different domains, following the approach in Weinberger's (2002) Unified Theory of the Web of 'small pieces loosely joined'.
The intent with this approach is not to build 'yet another ontology of everything'rather, it is to reuse and adapt extant models and instances from existing resources to define a minimal core ontology that can form the basis of many solutions. The ontologies described within this paper are freely available on the World Wide Web, for the use of other parties.
The Environmental Monitoring Facilities (EMF) Data Specification (INSPIRE 2013b) provides an important pattern which can be described as 'The observation of a phenomenon at a feature of interest by a specified process'. Or as the data specification states: the potential to inform environmental issues such as cycles of nitrogen or carbon within the environment, or acidification of the oceans. The complex property model can also be used to describe actual data or expose an underlying semantic model in well-known vocabularies such as the SeaDataNet Parameter Usage Vocabulary used in oceanography (Schaap and Lowry 2010) or the CEH Analytical Services Thesaurus (CAST) used in chemical analysis (Wright et al. 2014) .
Conceptual models
The conceptual models created, used and adapted in this approach are self-contained yet work together to offer a powerful framework for exploiting environmental data and metadata resources. The models comprise Complex Properties, Monitoring Properties and EMF.
Diagram notation
Diagrammatic representations of the conceptual models used in this paper are based on:
. Unified Modelling Language (UML, ISO/IEC 19505-1:2012) . Graph-based Data Modelling (RDF 1.1 Concepts and Abstract Syntax W3C
Recommendation 25 February 2014)
The semiotics of these diagrams is summarised in Figure 1 .
The Complex Properties model
The Complex Properties model (CPM) is based upon INSPIRE extensions to O&M (INSPIRE 2013c) providing a logical model represented graphically in Figure 2 . The CPM presented here has been evolved from this original INSPIRE specification through iterative testing involving analysis within this model of pre-existing simple single-string lexical representations of complex real-world environmental properties. Figure 1 . A key to the semiotics of the UML diagram notation and ontology diagram notation used in the figures throughout this paper.
In this original UML specification, the domain of the attribute Base Phenomenon is a code list (Phenomenon Type Value) which is intended to be extended and specified for a particular domain (INSPIRE 2013c) . The allowed values are defined by data providers and can be at any level, as indicated by the code lists quoted in Table 1. A limitation of this approach is that the phenomenon types can themselves be complex concepts which are not easily mapped across domains, as shown in Table 2 .
For practical purposes, Base Phenomenon from the UML must be mapped to at least two OWL classes: Object of Interest and Property. Splitting the Base Phenomenon (e.g. 'concentration of carbon') enables identification of the constituent concepts. This enables mapping of a property such as 'concentration', regardless of whether it is measured of carbon or nitrogen. The Object of Interest (e.g. the substance carbon) can be identified authoritatively (see Ontology alignment section below) and is independent of the observability of a characteristic (i.e. concentration).
Object of Interest and Property are mandatory. These basic components may optionally be supplemented by three concepts from existing O&M, and an additional concept, Matrix. The Matrix is needed because in many situations the Object of Interest is embedded, dissolved or otherwise entailed within something else and must first be extracted or separatedfor example, the Matrix might be 'stream sediment'; the actual Object of Interest might be 'Nitrogen'. Both these facts represent relevant environmental context to the observation. An Object of Interest which has direct observability (e.g. a water body) does not have an associated Matrix.
The rationale for this adaptation (Figure 3 ) is based upon the authors' belief that the existing INSPIRE CPM remains, in some respects, too abstract for the purposes of implementation. Other models (Observable Properties, http://environment.data.gov.au/ exist too close to individual domains to be easily mapped or are not mature enough to be reusedtherefore, there is a need for semantic mediation between the abstract and the specific which will lend itself to reuse across many domains, whilst allowing users the amenity of their preferred domain-specific terminology (as recommended by .
The Monitoring Properties model
Monitoring Properties is a model developed for the purpose of associating instances in the domain of Complex Properties (as described in the previous section) to instances in the domain of EMF (INSPIRE 2013b).
The purpose of such linking is to enable specific environmental issues to be addressed by exploiting metadata rather than data. The case for exploiting metadata rather than the actual data derives from the fact that terrestrial environmental data are often highly heterogeneous, with few agreed schemas upon which to base wide-reaching analysis.
Monitoring Properties evolved as a response to the challenge of the use case 'Where have we measured X?'a problem which can be approached at a data discovery level by asking questions of the metadata. The storage volumes involved in metadata are typically orders of magnitude smaller than the volumes of the data they describe, and consequently it is relatively easier and less costly to carry out semantic markup of the metadata rather than the data. In this sense, the Monitoring Properties model is an application of Complex Properties in the context of the discovery of environmental monitoring datasets.
Although Monitoring Properties was developed directly as an OWL ontology, it has been reverse-engineered into UML for consistency of documentation within this paper ( Figure 4) .
Monitoring Datasets represent a subset of all datasets described in some metadata catalogue (to which the model is being applied) and consequently are semantically equivalent to dataset records as described in DCAT (Maali and Erickson 2014) . Such equivalence is, however, not specified in the Monitoring Properties ontology, and the identifier of a Monitoring Dataset can be any URI. Instances will typically be identified by the URL of a dataset record in a metadata catalogue. This class is a subtype of Entity as defined in the Provenance Ontology (PROV-O; Lebo, Sahoo, and McGuinness 2013) .
An association is required to make the connection between a dataset and its originating activity. The well-established PROV data model (Moreau and Missier 2013) conveniently describes just such an association between a document and its origin as the 'was generated by' relationship. In order for Monitoring Properties to inherit and use this concept, it is necessary to regard the Monitoring Dataset as a PROV 'Entity' and to regard the Data Origin as a PROV 'Activity'. Instances can then be connected meaningfully via 'Monitoring Dataset was generated by Environmental Monitoring Activity'.
A Monitored Feature is not a device but it focuses on observability, for example:
Note that Monitored Features can form a hierarchy, for example:
. 'Site #37' . 'on the River Thames'
Monitored Features are usually recognisable because they carry Observable Properties and have associated geometry (point location, polygon boundary, bounding box, etc.; INSPIRE 2013c). When linking for the purposes of dataset discovery, we are most often describing reasonably high-level features such as 'the UK river network' or 'the UK land surface'.
Monitoring processes refer to the circumstances of the Environmental Monitoring Activity; example instances of this class are:
. 'The Environmental Change Network (ECN) protocol for surface water chemistry and quality' . 'G-BASE sample collection and analytical techniques' and . 'AMT18 Above water radiance measurement processing procedures' If a laboratory was involved in deriving the measurements, the laboratory methodology should be included with the actual data, rather than here with the monitoring metadata (INSPIRE 2013b ).
The EMF model
The INSPIRE EMF data specification (INSPIRE 2013b) provides a generic model which can be used across various domains. It is designed to integrate with O& M and describes (inter alia) the core classes that are employed in environmental monitoring as shown in Figure 5 .
Analysis
In this context, the EMF model provides all of the requisite semanticswith the notable exception being that activities in the EMF model are treated as a linking concept between programmes and facilities. Activities have some attribution, but those attributes do not include anything that could be treated as a name or otherwise human-readable label for the activity. In a discovery level software application, such names are essential to the utility of any human interface. We overcome this weakness in the EMF model by affording a name attribute to the Monitoring Properties concept of Data Origin, which becomes a supertype of Environmental Monitoring Activity. All of our activities inherit the attributes of the supertype and can therefore have names attached.
It should be noted that activities recorded in the UK Environmental Observation Framework (EOF) catalogue (http://www.ukeof.org.uk/) have the same problem, which its designers resolved by a similar methodi.e. by implementing a single supertype 'above' the concepts of programme, activity, facility and network. Users of the UK EOF catalogue can consequently identify and differentiate activities by name.
Resource Description Framework (RDF)/OWL implementation
For the concepts derived from existing UML models, the UML descriptions of individual conceptual models outlined above have been translated into Web Ontology Language (OWL) documents following the approach outlined by Cox (2013) . The following basic rules apply in this translation:
. A UML Package becomes an OWL Ontology.
. A UML Class becomes an OWL Class with UML Specialisations modelled as OWL Subclasses. . UML attributes and association properties become RDF Properties. In UML, property names have a local scope (i.e. only the class to which they are assigned is aware of them). Within these UML-to-OWL translation rules, there is the distinct possibility of RDF Properties becoming homonyms; therefore, care must be with naming the RDF Properties.
The detailed mappings between UML and OWL are presented as Appendix A in supplemental data (see the online supplementary material to this paper). As noted by Cox (2013) , there are two philosophical approaches available to these sorts of translation. The first is to assume that the UML represents a canonical worldview, and the UML is strictly represented in the resulting OWL. In this case, the RDF Properties are well defined to reflect the classes to which the attributes in the UML are bound. The second approach is to assume that the UML represents a worldview which is but an analysis of some deeper, underlying model. In this approach, the use of open world assumptions familiar to traditional RDF/OWL modelling activities may be used in place of the closed world assumptions of the strongly coupled UML model.
In the OWL implementations presented below, we have taken a mixture of the two approaches. In some instances through applying the logical models to pre-existing realworld definitions of observations made in the field, we have refined the logical models (e.g. the CPM and the EMF classes). In the case of the Monitoring Properties class, we have allowed the RDF/OWL open world assumptions to be the primary focus of our model. A discussion of the appropriateness of this is presented in the Ontology alignment section below.
In the following sections, the following XML namespaces shown in Table 3 are used extensively.
It is desirable to reuse pre-existing controlled vocabularies published using the Simple Knowledge Organisation System (SKOS) as instances of the classes defined in the CPM (see the Ontology alignment section below). In order to achieve this, classes defined in the CPM ontology are also defined as instances of SKOS Concepts ( Figure 6 ). For example, cpm:ObservableProperty rdf:type owl:Class. cpm:ObservableProperty rdfs:subClassOf skos:Concept. This allows, for example, an instance of the cpm:UnitOfMeasure class for 'degrees Kelvin' to simply be a reference to the SKOS Concept at http://vocab.nerc.ac.uk/ collection/P06/current/UPKA/ which represents 'degrees Kelvin' within a controlled 
Complex Properties
The base of the Complex Properties ontology (http://purl.org/voc/cpm) consists of the following classes (Figure 7) :
The UML stereotypes of 'Composite Observable Property' and 'Observable Property' are modelled within the OWL ontology as subclasses of 'Abstract Observable Property' such that: 
Monitoring Properties
The Monitoring Properties ontology (http://purl.org/voc/mp) consists of the following classes ( Figure 8) :
. Monitoring Dataset is an abstract class which can be implemented in a variety of ways, but typically, its role would be fulfilled by any URI that represents a datasetfor example, the URI of a standard spatial metadata record in a catalogue. It is modelled as a subclass of prov:Entity from the PROV-O, placing any instances of Monitoring Dataset within the domain of the predicate prov:wasGeneratedBy which is employed in order to relate a dataset to its originating activity: 
Environmental Monitoring Facilities
The key classes of the EMF ontology (http://purl.org/voc/ef) are (Figure 9 ) as follows:
. An 'Environmental Monitoring Activity' is associated with its programme governance and with the facilities (or networks) that it uses the following: The association between 'Environmental Monitoring Facility' and 'Environmental Monitoring Network' demands more attention in the modelling because in the original UML model the relationships 'belongsTo' and 'contains' can have attribution. In a simple mapping from UML to OWL, attributes become data properties, and relationships become object properties. In the OWL schema, the domain of data property does not include object property (only class). We solve this by modelling the domain of the object property 'contains' as the union of 'Environmental Monitoring Network' and 'NetworkFacility' and its range as the union of 'Environmental Monitoring Facility' and 'NetworkFacility', and similarly for the object property 'belongsTo'. Note that the class NetworkFacility is not shown in the overview diagram ( Figure 9 ).
Application
As noted in the Introduction section of this paper, the INSPIRE Registry provides highlevel terminology which the ontologies presented above may be mapped to. This mapping is presented in Appendix B in supplemental data (see the supplementary material to this paper). It is also important to emphasise that Monitoring Properties is only one of many contexts to which Complex Properties may be applied.
The ontologies (Complex Properties, Monitoring Properties and EMF) were specifically designed to work together in order to provide interoperability between existing metadata resources. In order to demonstrate the potential benefits of the approach to scientists, a prototype application was created linking information from two existing UK national-level metadata catalogues:
(1) The spatial data resources catalogued via the portal at www.data.gov.uk (2) The UK EOF catalogue at www.ukeof.org.uk Craglia et al. (2012) considered that a future Digital Earth would allow for visualisation on a globe of what lies underground and what lies under the water. In order to show how the ontologies described in this paper further aim, terms defined in SKOS vocabularies were first 'atomised' according to the Complex Properties ontology. The constituent concepts of a complex property were associated with the property itself utilising the skos: related predicate.
Prototyping Approach
Dataset metadata were then extracted from the source repositories which feed the data.gov.uk portal. Specific datasets were chosen to represent typical data published by three different NERC Data Centres -British Geological Survey (BGS), British Oceanographic Data Centre (BODC) and the Centre for Ecology and Hydrology (CEH).
Using Open Refine (http://www.openrefine.org) with the RDF extension (http://www. refine.deri.ie), raw metadata were loaded in spreadsheet format and semantically marked up by referencing the aforementioned SKOS vocabularies. A mapping from the spreadsheet columns to the OWL ontologies was then declared, and the resulting triples exported as a set of RDF/OWL files.
The RDF files containing the now semantically richer metadata were then loaded into a Sesame (http://www.rdf4j.org) triple store, and SPARQL Protocol and RDF Query Language (SPARQL) queries coded to answer typical use cases relating to discovery of datasets in an environmental monitoring context. A content management system (PLONE, http://www.plone.org) was utilised to generate interactive web pages targeted at end users. This involved caching SPARQL query results, and so the approach is limited in terms of data volume scalabilityhowever, Content Management System capabilities proved more than adequate for quickly generating standard visualisations such as charts, maps and plots with both freetext and faceted search functionality (Figures 10-12) .
It was possible to demonstrate capabilities including:
(1) Selecting a substance (e.g. 'phosphate') and requesting a map of locations where an Observable Property semantically related to the concept of phosphate was monitored.
(2) Selecting one such location and discovering details such as its name, governance/ managing body and relevant contact information.
(3) Being satisfied that the governance and monitoring protocols at that site are appropriate to the user's requirements, following links to resources providing access services for the specific dataset.
Ontology alignment
Ontology alignment is the process of determining the commonality between classes and concepts from different ontologies. The ontologies presented in this paper have common ground with a number of other resources. By aligning with these ontologies, it is possible to use the Complex Properties, Monitoring Properties and Environmental Facilities ontologies in a broader context, to interoperate with other representations of observations made in the 'real world' and incorporated into Digital Earth systems. In particular, from a Digital Earth perspective, integration with these ontologies allows a flow of heterogeneous data from sensors to be represented on a three-dimensional virtual globe and can allow the representation of both current and historical observations (Craglia et al. 2012 ). This meshes with the philosophical approach above that there is an 'open world' and that the representations of the Complex Properties, Monitoring Properties and Environmental Facilities data models are not the only valid worldviews. Following this argument reinforces the decision to be flexible in the approach taken to the translation of the initial Figure 10 . Searching for 'phosphate' measurement reveals a cruise report held at the BODC. UML models to OWL models as the alignment with these other semantic resources was not necessarily envisaged within the original INSPIRE specifications.
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O&M and Observed Properties
The ISO/Open Geospatial Consortium standard O& M model is used to: determine values of properties, though application of some procedure at a particular time and place. The result of an observation is strictly an estimate of the true value, conditioned by procedure and circumstances, so description of the latter are important in the assessment of the reliability of the estimate. Cox (forthcoming) O&M overlaps with the CPM as they share the Observed Property July 30, 2014) . One of the identified difficulties with using the Observable Properties ontology is that in many cases observations are a combination of a quantity and a mathematical operator (like 'Average Height'). The classes of Constraint and Statistical Measure from the CPM help address some of the mathematical qualifying issues in this mapping. Full alignment could be achieved by declaring the Observable Properties ontology Property Kind class to be equivalent to the Observable Property class of the CPM.
Domain ontologies
Within various disciplines, there are existing ontologies with which any generic data model should be seen to align. Here we demonstrate the applicability of the model presented in this paper to a number of domain-specific resources.
Ocean Data Ontology. The Ocean Data Ontology (ODO, http://www.ocean-data.org/) represents a logical data model for storing metadata and data related to oceanographic field activities, in particular research vessel cruises. As such one of the key classes within ODO is that of 'Vehicle', which describes the aircraft, towed vehicle, submarine or watersurface vessel from which the environmental monitoring takes place. It can therefore be seen that an ODO Vehicle is an EMF; its deployment on a cruise or mission is an Environmental Monitoring Activity which is therefore a Monitoring Properties Data Origin. ODO models data collected on a specific deployment from a specific instrument as a Deployment Dataset, which can be seen to be analogous to a Monitoring Dataset, and the ODO Parameter (what is measured and how) is aligned to Monitoring Property.
Chemical Entities of Biological Interest. Chemical Entities of Biological Interest (ChEBI, http://www.ebi.ac.uk/chebi/) is a freely available dictionary of molecular entities focused on 'small' chemical compounds. The term 'molecular entity' refers to any constitutionally or isotopically distinct atom, molecule, ion, ion pair, radical, radical ion, complex, conformer, etc., identifiable as a separately distinguishable entity. The molecular entities in question are either products of nature or synthetic products used to intervene in the processes of living organisms. Each molecular entity within ChEBI is available as an instance of an OWL class, and therefore ChEBI is a powerful register of Substance instances for use with the CPM and allowing a standard point of interoperability between various domains.
World register of marine species. Similar to ChEBI but directed at biological entities rather than molecular entities, the World Register of Marine Species (WoRMS, http:// www.marinespecies.org) provides an authoritative and comprehensive list of names of marine organisms, including information on synonymy. While highest priority goes to valid names, other names in use are included, so that this register can serve as a guide to interpret taxonomic literature. The content of WoRMS is controlled by taxonomic experts, not by database managers. WoRMS has an editorial management system where each taxonomic group is represented by an expert who has the authority over the content and is responsible for controlling the quality of the information. As with ChEBI, WoRMS offers each instance as an RDF resource, and it is therefore a register which offers instances for the Taxon class of the CPM in a marine setting.
Lightweight ontologies. In the spectrum of semantic resources (McGuinness 2003) , at the least complex end, there exist a range of resources that can be considered as controlled vocabularies, thesauri or lightweight ontologies.
NERC Vocabulary Server. Within the oceanographic domain, the vocabularies served from the NERC Vocabulary Server (Leadbetter, Lowry, and Clements 2014) . The largest of these vocabularies is the 'BODC Parameter Usage Vocabulary' (P01, http://vocab.nerc. ac.uk/collection/P01/current/) which is used within the SeaDataNet project to annotate the fields of data files with the physical properties that the numbers represent. P01 concepts are built from a rigorous, but largely hidden, semantic model describing object of interest, phenomenon of interest, species of interest, substance of interest, matrix and analysis procedure. Thus, it can be seen that the P01 vocabulary is a target candidate for being atomised using the CPM. Target concepts from the subdisciplines of physical, chemical and biological oceanography are shown within the Complex Properties ontology model in Table 4 .
However, there are several other vocabularies served by the NERC Vocabulary Server, such as the International Council for the Exploration of the Seas Platform Code List (http://vocab.nerc.ac.uk/collection/C17/current/) and the BODC data storage units (http://vocab.nerc.ac.uk/collection/P06/current/) vocabulary which may be used as instances of EMF and Complex Properties' Units of Measure, respectively. This allows the data model from this paper to be interoperable with work already conducted using the NERC Vocabulary Server's lexical concepts, such as the European Commission's SeaDataNet and EMODnet projects.
CEH Analytical Services Thesaurus. The CAST (http://onto.nerc.ac.uk/CAST) is used within the environmental chemistry domain to automatically tag environmental data within a Laboratory Information Management System (Wright, Harrison, and Watkins 2014) . Terms from CAST cover aspects of a sample or feature which are measured and assigned a value from an agreed domain ('determinands'); various processes of filtration, analytical methodology and preservation; and units of measure. As with the NERC Vocabulary Server, there are various parts of the data model presented in this paper covered by these terms. For instance, 'determinands' covers both Constraint and Property classes from the CPM, while filtration, analytical methodology and preservation may all be associated with the Monitoring Properties class of Monitoring Procedure. However, this does highlight one of the weaknesses in the model that these are actually analytical processes and not monitoring process, and a fourth class indicating post hoc analyses may be required in future versions of the data model presented here.
Environmental Change Network. The ECN (http://www.ecn.ac.uk) is a long-term monitoring and research programme in the UK, which operates to define protocols. It collects, analyses and interprets long-term data from a network of sites. ECN data aim to improve our understanding of how and why environments change. The variables recorded are candidate Observable Properties whose structure can be represented according to the Complex Properties Model, as shown in Table 5 .
G-BASE. The BGS Geochemical Baseline Survey of the Environment (G-BASE, http:// www.bgs.ac.uk/gbase) is an annual campaign of geochemical sampling within many parts of the UK. Beginning in the late 1960s, it is a high-resolution geochemical survey producing baseline data relevant to many environmental issues (Table 6 ). 
Future work
The model presented in this paper could be further developed in the future, in particular as the method of acquisition of a Complex Property is currently defined only through the collection or acquisition process at the Monitoring Properties class level. This means that the detailed usage level information regarding the observation is one step removed from the detailed description of how that observation was obtained. This could be resolved by offering an 'analysis' process at the level of the Complex Property. The instances of the data model used in the applications which have been described in this paper have been created by hand, and as such there is future work in making the creation of these instances, an automated procedure to enhance the coverage of data in these demonstration applications. Other potential applications include: the aggregation of data from a 'raw' data portal, such as SeaDataNet into agreed; scientifically meaningful products for reporting to policy-makers in frameworks, such as the European Marine Observation and Data Network; and automatically creating systematic reviews of literature in ecological studies. The presented ontologies are designed to be OWL-DL compatible. However, computational completeness and decidability were not a focus of the initial development. Future work could include enhancement of the ontologies, paying particular attention to necessary and sufficient conditions, with a view to testing the application of reasoners. Typical reasoning applications would include inferencing, classification and the detection of inconsistencies in existing environmental data. Finally, a system with intelligent semantic annotation from the point of collection on an instrument ('born semantic'; Leadbetter and Fredericks 2014; Buck, Leadbetter, and Williams 2015) to processing at the desk or in the laboratory and finally to data archive could be achieved by beginning with instrument data file headers carrying information from this data model. This kind of system could embed the complex and monitored properties concepts within instrument firmware. These semantically-enabled instruments could then output an RDF representation of the data and transmit it in real-time using a binary-encoding of the RDF data (e.g. HDT see Gallego et al. 2011; or NetCDF-LD, see Yu et al. 2015) or store the RDF on the data logger for later retrieval. The platform on which the instrument is deployed could stamp the EMF concepts onto the raw data as an additional header piece. Semantically aware data processing tools could then be used to update the analysis information in the monitored properties model and all provenance information as the data are worked up in the laboratory.
Conclusion
This paper has shown the development of a model which allows the description of complex environmental observing systems, and complex environmental observations, in a robust manner which allows the easy exchange of data across the range of disciplines which comprise environmental and Earth sciences. It has been developed from the point of view of coherently and comprehensively integrating data about the Earth system from a range of sources into digital representations of the Earth system. Specific applications of this model have been shown, including answering cross-domain questions regarding the location of measurements of specific chemical entities. These prototype applications have been shown to further the Digital Earth 2020 vision of Craglia et al. (2012) . These crossdomain applications provide significant benefits in breaking down the barriers between disciplinary data silos, which gives better public access to complex environmental data and allows easier integration of these complex data across domains and disciplines in virtual representations of the Earth system. This again aligns with the Digital Earth 2020 vision, where Craglia et al. state that the future Digital Earth will 'synthesise heterogeneous information'. Indeed, the use of the W3C's PROV-O in the environmental ontologies presented in this paper also provides a link to Craglia et al.'s next statement that future Digital Earth will provide 'metrics of quality and trust of both data inputs and outputs' because provenance is one aspect of a measure of trust in a collaborative research network .
